Introduction
Natural killer (NK) 1 cells are large granular lymphocytes with innate immune effector capacity and are an important component of the early response against viral infections and neoplastic diseases (1) . They do not express T cell receptors, but commonly express a variety of nonexclusive phenotypic markers such as CD16, CD56, CD57, and to some extent CD8. NK cells are able to spontaneously lyse sensitive target cells such as tumor cells and cells infected with viruses or bacteria, as well as to mediate antibody-dependent cellular cytotoxicity (ADCC) via CD16 (Fc ␥ RIII)-Fc interactions (2) . It has recently been established that HLA class I molecules inhibit lytic activity of NK cells through a complex series of killer-cell inhibitory receptor (KIR) interactions (3, 4) . Interestingly, it has also been demonstrated that T cell function is modulated by similar inhibitory molecules (3, 4) . It is the absence of a particular HLA class I molecule or changes in the structure of the MHC-peptide complex on a target cell that trigger lytic activities; processes that frequently occur in neoplastic diseases and viral infections.
The role of NK cell activity in controlling the replication and spread of HIV has not been fully delineated. Several studies have correlated high NK cell activity or frequency with either reduced susceptibility of certain individuals to HIV infection (5) or with the control of initial primary viremia in the simian immunodeficiency virus (SIV) model (6) . Loss of NK cell activity and frequency has been correlated with HIV disease progression, particularly in individuals with opportunistic infections (7) (8) (9) .
The finding that certain CC-and CXC-chemokine receptors can be used as coreceptors by different strains of HIV has broadened the role of host factors in the pathogenesis of HIV infection (10, 11) . The inhibition of entry and replication of MT-2-negative strains of HIV by the CC-chemokines MIP-1 ␣ , MIP-1 ␤ , and RANTES quickly led to the identification of CCR5 as a major coreceptor for such strains (12) (13) (14) (15) (16) (17) .
The importance of CCR5 expression in determining the susceptibility of individuals to infection with HIV is demonstrated by the rarity of HIV transmission to individuals who are homozygous for the 32-bp deleted CCR5 allele (18, 19) . In addition, reduced levels of CCR5 expression due to a heterozygous CCR5 genotype appear to result in a slower rate of progression to AIDS in subjects infected with MT-2-negative HIV strains (20) (21) (22) (23) . Similarly, it is reasonable to assume that high levels of MIP-1 ␣ , MIP-1 ␤ , and RANTES at sites of HIV infection and replication could limit the availability of CCR5 for use as an HIV coreceptor and thus slow the replication and spread of the MT-2-negative virus in vivo. It is therefore of interest to determine which cell types are important sources of these CC-chemokines and which physiologic stimuli optimize CC-chemokine production.
Recently, NK cells from HIV-uninfected individuals were found to produce MIP-1 ␣ in response to IL-12 plus IL-15 (24). However, the ability of NK cells from HIV-infected subjects to produce CC-chemokines and the effect of NK cell-derived CC-chemokines on HIV replication have not been delineated. The present study investigates the optimal conditions for the secretion of CC-chemokines by NK cells from HIV-infected individuals, the ability of NK cells to suppress autologous virus replication, and the ability of NK cell-derived supernatants to block MT-2-negative HIV-1 entry into susceptible target cells.
Methods
Cellular populations. PBMCs were obtained by apheresis of 20 HIVinfected individuals (CD4 ϩ T cell count: range 154-1433/ l; mean 558/ l); cells were separated over Ficoll-Hypaque density gradients. Three populations of cells were isolated: ( a ) NK cells were obtained from nonadherent PBMC (collected after 1 h adherence at 37 Њ C) by positive selection with anti-CD16 (Immunotech, Westbrook, ME) and anti-CD56 (PharMingen, San Diego, CA) coupled goat antimouse IgG beads (Dynal, Great Neck, NY). Positively selected cells were cultured overnight at 37 Њ C to detach them, incubated for 1 h at 4 Њ C and then depleted of CD3 ϩ cells using immunomagnetic beads (Dynal). Alternatively, NK cells were obtained by negative selection with an NK cell isolation kit from Miltenyi Biotec (Auburn, CA). Purified NK cells had Ͻ 5% contamination with CD3 ϩ , CD14 ϩ , CD19 ϩ cells as measured by FACS analysis. ( b ) CD8 ϩ PBMC subsets were obtained by positive selection with CD8 beads (Dynal) and detached with Detachabeads (Dynal) or by incubation at 37 Њ C overnight. CD8 ϩ T cells ( Ͼ 95% CD3 ϩ CD8 ϩ ) were obtained after further depletion of CD16 ϩ /CD56 ϩ cells with immunomagnetic beads. Alternatively, CD8 ϩ T cells were obtained by negative selection with a CD8 ϩ T cell isolation kit from Miltenyi Biotec. ( c ) CD8/NK-depleted PBMCs were obtained using CD8 beads and CD16 ϩ /56 ϩ beads.
CC-chemokine mRNA expression. NK cells and CD8 ϩ T cells, isolated by negative selection from PBMC of HIV-infected and uninfected individuals, immediately after Ficoll-Hypaque separation were lysed with a buffer containing guanidine thiocyanate and Triton X-100 and frozen at Ϫ 80 Њ C. Levels of mRNA for CC-chemokines were determined by using a transcription-based amplification system: nucleic acid sequence-based amplification (NASBA) (25) . Briefly, first strand synthesis of cDNA was accomplished by primer 1 (containing the T7-RNA polymerase promoter sequence) and avian myeloblastosis virus reverse transcriptase (AMV-RT). The RNA of the heteroduplex (RNA-DNA) was degraded by RNAse H, the synthesis of the second strand of cDNA was performed using primer 2 and AMV-RT, and RNA transcripts were produced by T7-RNA polymerase. Various concentrations of synthetic RNAs derived from the cDNA sequence of MIP-1 ␣ and RANTES were used as internal standards in the reaction. Signal was detected after hybridization with a ruteniumlabeled probe and quantified by measuring chemiluminiscence (26) . The primer pairs and probes are described elsewhere (Romano, J.W., R.N. Shurtliff, K.G. Williams, M. Kaplan, and C. Ginocchio, manuscript in preparation).
CC-chemokine production. Positively selected CD8 ϩ T cells and CD16 cross-linked NK cells were cultured (10 6 /ml) in RPMI-1640s (supplemented with 1 mM antibiotics, glutamine, and Hepes buffer) with 10% FBS (BioWhittaker, Walkersville, MD). Cultures were treated with IL-2 (100 U/ml; Boehringer Mannheim, Indianapolis, IN), IL-12 (100 U/ml; R&D, Minneapolis, MN), or IL-15 (100 U/ml, R&D). Certain cultures of CD8 ϩ T cells were stimulated with phytohemagglutinin (PHA, 3 g/ml; Sigma Chemical Co., St. Louis, MO) alone or with PHA (3 g/ml) ϩ IL-2 (20 U/ml) or with anti-CD3 (mouse ascites, 1:4,000 dilution) ϩ IL-2 (20 U/ml). Alternatively, negatively selected NK cells were cultured in medium alone or with IL-2 (100 U/ml), in untreated culture plate wells or in wells coated with immobilized CD16 antibody (5 g/ml; Immunotech) or isotypic mouse IgG antibody (5 g/ml; Sigma Chemical Co.). Similarly, negatively selected CD8 ϩ T cells were cultured in medium alone or with IL-2 (100 U/ml), in untreated culture plate wells or in wells coated with immobilized anti-CD3 (mouse ascites, 1:400 dilution, equivalent to 25 g/ml) or isotypic IgG antibody (25 g/ml, Sigma Chemical Co.). Supernatants were collected at different time points (18 h, 3, 5, 7 and 11 d after stimulation) and assayed by ELISA for production of MIP-1 ␣ , MIP-1 ␤ , and RANTES (R&D).
Cytolytic assay. NK cells isolated by negative selection from HIV-infected individuals were tested for their lytic activity against K562 cells (NK-sensitive cell line). Effector cells (purified NK cells) were incubated overnight at 37 Њ C in culture flasks at a concentration of 1 ϫ 10 6 /ml in RPMI-1640s with 10% FBS and IL-2 (20 U/ml). K562 cells were labeled with 51 Cr for 1 h at 37 Њ C (2 ϫ 10 6 cells labeled with 100 Ci), washed three times and plated in 96-well V bottom plates at 5 ϫ 10 3 /well. Effector cells were added to a constant number of target cells at the following effector:target (E:T) ratios: 10:1, 5:1, and 2.5:1. After 4 h of incubation at 37 Њ C, supernatants were harvested and counted on a ␥ -counter (Wallac Inc., Gaithersburg, MD). The percentage of target lysis was calculated from the following formula:
where E ϭ experimental 51 Cr release; S ϭ spontaneous release in the presence of culture medium with no NK cells present, and M ϭ maximal release from target cells treated with detergent (BRIJ 35; Sigma Chemical Co.). Each assay was performed in duplicate with unlabeled target cells and supernatants collected at 4 h for analysis of MIP-1 ␣ , MIP-1 ␤ , and RANTES secretion by ELISA (R&D).
Suppression of HIV replication. CD8/NK-depleted PBMC were cultured (10 6 /ml) in RPMI-1640s supplemented with 10% FBS alone or with various proportions of autologous CD8 ϩ T or CD16 crosslinked NK effector cells (E:T ratios ϭ 1:2, 1:10, 1:50). The cultures were stimulated with anti-CD3 (mouse ascites, 1:4,000 dilution) and IL-2 (20 U/ml; Boehringer Mannheim) or with phytohemagglutinin (PHA, 3 g/ml; Sigma), IL-2 (20 U/ml), and IL-4 (5 ng/ml; R&D). Supernatants were harvested (2 times/wk) and tested for HIV replication either by reverse transcriptase (RT) assay, as previously described (27) , or by p24 ELISA (DuPont, Newton, CT). In certain cultures, a combination of neutralizing antibodies directed against CC-chemokines (goat polyclonal anti-MIP-1 ␣ , 50 g/ml; goat polyclonal anti-MIP-1 ␤ , 50 g/ml; monoclonal anti-RANTES, 10 g/ml; R&D) or goat IgG isotype control (110 g/ml; R&D) were added.
Phenotyping of HIV primary isolates: MT-2 assay. 100 l of culture supernatant harvested during peak HIV production from CD8/ NK-depleted PBMC cultures alone as described above was added to 10 5 MT-2 cells in duplicate in 96-well plates and cultured overnight at 37 Њ C. Cultures were then fed with fresh media (RPMI-1640s plus 10% FBS). Culture supernatants were harvested and cultures refed and monitored for syncytium formation and RT production over a 3-wk period.
PCR for early HIV transcripts. PM-1 (12) cells (4-5 ϫ 10 5 cells/ test) were incubated for 30 min with either medium, a combination of CC-chemokines (MIP-1 ␣ , MIP-1 ␤ , and RANTES each at the equal concentrations of 200, 30, or 5 ng/ml) or with supernatants derived either from CD16 cross-linked NK cells stimulated with IL-2, IL-12, or IL-15 (100 U/ml), or from CD8 ϩ T cells stimulated with PHA (3 g/ml) plus IL-2 (20 U/ml). PM-1 cells were then acutely infected with either the MT-2-negative BaL (Advanced Biotechnologies Incorporated,
Columbia, MD) or the MT-2-positive IIIB (Advanced Biotechnologies Incorporated) strain of HIV-1. After 6-7 h of incubation at 37 Њ C, the cells were washed three times in PBS and the pellets frozen at Ϫ 70 Њ C. Semiquantitative PCR for early HIV transcripts using primers for the long terminal repeat (LTR) region (M667 and AA55; Lofstrand Labs Limited, Gaithersburg, MD) and CG24 probe (Lofstrand Labs Limited) was performed on cell lysates as previously described (28) . HLA primers (QH26 and QH27; Lofstrand Labs Limited) and probe (QH64; Lofstrand Labs Limited) were used to standardize for cell numbers. Probes were labeled with 32 P-ATP (Du Pont NEN, Newton, CT) and hybridized to amplified samples. The samples were run on polyacrylamide gels and exposed overnight in a phosphoimager cassette. Results were analyzed with Image Quant software (Molecular Dynamics, Sunnyvale, CA). The number of DNA copies per 10 5 cells was obtained comparing the radioactive signals from samples to those from 10-fold dilutions (10 3 -10 0 ) of the chronically HIV-infected cell line ACH2. The results of this early RT transcript detection assay are referred to as HIV entry. It should be noted that events occurring after entry, such as rates of initiation of reverse transcription, can not be excluded as contributing factors.
Results

CC-chemokine mRNA expression in NK cells and CD8 ϩ T cells. NK and CD8 ϩ T cells were negatively selected from the peripheral blood of HIV-infected and uninfected individuals
and analyzed immediately for MIP-1 ␣ and RANTES mRNA using the NASBA nucleic acid amplification technique. As shown in Fig. 1 , the number of MIP-1 ␣ mRNA copies detected in NK cells (mean ϭ 96.2 ϫ 10 4 Ϯ 39.535) was significantly greater ( P Ͻ 0.05) than the number detected in CD8 ϩ T cells (mean ϭ 17.747 ϫ 10 4 Ϯ8.246) among HIV-infected individuals. Although there were small differences between NK cells and CD8 ϩ T cells in numbers of MIP-1␣ mRNA copies among HIV uninfected individuals and in numbers of RANTES copies among both HIV-infected and uninfected individuals, these differences were not statistically significant.
NK cell lytic activity against K562 cells is associated with induction of CC-chemokine production. Among the in vivo activities of NK cells is the MHC nonrestricted lysis of certain tumor cells. Therefore, it was of interest to determine the levels of CC-chemokines produced upon recognition and lysis by NK cells of sensitive targets such as the K562 cell line. A standard lytic assay based on 51 Cr release was performed using negatively selected NK cells from seven different HIV-infected individuals. NK cells from five of seven donors mediated significant specific killing at various effector:target ratios (10:1, 5:1, and 2.5:1) ( Fig. 2 ). NK cells from the remaining two donors failed to lyse target cells (Ͻ 10% specific lysis at the highest E:T ratio [10:1]) (data not shown).
Supernatants harvested after 4 h from duplicate cultures containing unlabeled targets (see Methods) were tested by ELISA to assess the levels of CC-chemokines induced from NK cells during activation of lytic functions. K562 (target cells) cultured alone or lysed by detergent failed to produce detectable levels of CC-chemokines (data not shown). NK cells exhibiting efficient target cell killing activity consistently produced significantly higher levels of MIP-1␣ and MIP-1␤ as compared to NK cells alone or NK cells that failed to lyse target cells (Fig. 3, A-C) . The fold increase in chemokine production by NK cells after recognition of target cells in comparison to NK cells alone ranged from 3 to 14 for MIP-1␣, from 10 to 48 for MIP-1␤, and from 11 to 68 for RANTES. The range of RANTES levels produced by NK cells of different donors was wider than the range observed for MIP-1␣ and MIP-1␤ levels ( Fig. 3 C) ; this factor likely contributed to the lack of statistically significant differences in RANTES levels among the three NK populations.
Effect of CD3 or CD16 cross-linking on production of CC-chemokines by CD8 ϩ T cells and NK cells, respectively.
It is well established that cross-linking of CD16 on the surface of NK cells stimulates lytic activity and upregulates expression of several cytokines (29) . It is also well known that CD3 crosslinking on the surface of CD8 ϩ and CD4 ϩ T cells mimics antigenic stimulation by inducing cellular activation, proliferation, and cytokine production (30). Accordingly, the effect of CD3 and CD16 cross-linking on the production of CC-chemokines by CD8 ϩ T cells and NK cells, respectively, was investigated. The results are summarized in Table I. In the absence of receptor-specific cross-linking (mIgG control), NK cells secreted higher levels of all three CC-chemokines than did CD8 ϩ T cells isolated from the same individuals, both constitutively and in response to IL-2. Cross-linking of CD16 on NK cells significantly increased CC-chemokine secretion as compared to cells treated with mIgG control mAb (absence of IL-2), while cross-linking of CD3 on CD8 ϩ T cells in the same culture conditions induced a significantly higher production of MIP-1␤, but not of MIP-1␣ and RANTES. The lack of statistically significant upregulation of these two CC-chemokines upon CD3 cross-linking of CD8 ϩ T cells is likely due to high variability among donors. Under the optimal conditions of CD16 or CD3 cross-linking plus IL-2, both NK and CD8 ϩ T cells produced significantly higher levels of all three CC-chemokines as compared to cells in control conditions (mIgG, absence of IL-2). Of interest, under these optimal stimulatory conditions, NK cells secreted significantly higher levels of MIP-1␣ and RANTES than did CD8 ϩ T cells. The P values regarding the statistical analyses of the CC-chemokine levels detected in the cell-free supernatants are shown in Table I . CC-chemokine production in the various culture conditions did not correlate with levels of cellular proliferation (data not shown).
Effect of IL-2, IL-12, and IL-15 on CC-chemokine production by CD16 cross-linked NK cells. Among the most effective inducers of NK cell lytic activity and cytokine secretion are the immunomodulatory cytokines IL-2, IL-12, and IL-15 (31) (32) (33) .
Recently, it has been demonstrated that the combination of IL-12 plus IL-15 induces MIP-1␣ production by NK cells isolated from HIV-uninfected individuals (24). Considering these observations and the continued interest in cytokine-based immunotherapy for HIV disease, IL-2, IL-12, and IL-15 were compared for their ability to stimulate CC-chemokine production from CD16 cross-linked NK cells isolated from HIVinfected individuals. The peak of CC-chemokine production occurred at day 3 or 5 after stimulation (data not shown). As seen in Fig. 4 , IL-2 and IL-15 were more effective in inducing CC-chemokine production in CD16 cross-linked NK cells than was IL-12, with the exception of RANTES, which was secreted at comparable levels in response to IL-2, IL-12, and IL-15. 
Suppression of HIV replication in an autologous coculture system.
To determine the ability of NK cells to suppress HIV replication in vitro, CD8/NK-depleted PBMC from HIVinfected subjects were cultured in the absence or presence of various numbers of autologous CD8 ϩ T cells or CD16 crosslinked NK cells and then stimulated with anti-CD3ϩIL-2. Autologous NK cells were able to suppress in vitro HIV replication in 75% (6/8) of the patients tested at the E:T ratio of 1:2. Significant HIV suppression (Ͼ 30% reduction of the RT or p24 values detected in the cultures of target cells alone) was usually observed also at the E:T ratio of 1:10, but was lost at the lowest E:T ratio of 1:50 (Fig. 5 ). Similar efficiency of HIV suppression was observed in parallel cultures containing CD8 ϩ T cell effectors (Fig. 5 ). NK cell-mediated HIV suppression ranged from 49 to 97% at the E:T ratio of 1:2. Virus isolated from one of the two individuals who failed to demonstrate NK cell-mediated HIV suppression was found to be a syncytiuminducing/MT-2-positive strain; such strains have been shown to be insensitive to inhibition by CC-chemokines (12) . There was no statistically significant correlation between the ability of NK cells to suppress endogenous HIV replication in vitro and the CD4 ϩ T cell count or the stage of disease of the individuals tested.
Several reports have demonstrated that both soluble and cell contact-dependent factors contribute to the HIV-suppressive effects of CD8 ϩ T cells (34) (35) (36) (37) (38) . To establish the contribution of CC-chemokines to the HIV-suppressive effects of NK cells, in certain experiments a combination of neutralizing anti-CC-chemokine antibodies was added to the cultures of CD8/NK-depleted PBMCs to which either NK cells or CD8 ϩ T cells had been added back. In 50% of the cultures in which NK-mediated HIV suppression was observed, the addition of neutralizing antibodies to MIP-1␣, MIP-1␤, and RANTES completely restored HIV replication to control levels; in the other 50% of patients, neutralizing antibodies to CC-chemokines resulted in incomplete abrogation of the HIV-suppressive effect (data not shown). In contrast, CD8 ϩ T cell-mediated suppression was only minimally overcome by neutralizing CCchemokines in cultures from all patients tested (Fig. 6) .
Effect of NK and CD8 ϩ T cell-derived CC-chemokines on HIV entry. To further demonstrate the HIV inhibitory activity of NK cell-derived CC-chemokines, supernatants from cultures of purified NK cells and CD8 ϩ T cells were assessed for their ability to inhibit HIV entry into a CD4 ϩ cellular target using a PCR based technique. Preincubation of target PM-1 cells with supernatants derived from CD16 cross-linked NK cells stimulated with IL-2, IL-12, or IL-15 inhibited the entry of the MT-2-negative BaL strain ( Fig. 7) but not the MT-2positive strain, IIIB (data not shown). Supernatants from IL-2-or IL-15-stimulated NK cells were significantly more effective than those derived in IL-12 conditions and were equally potent in suppressing MT-2-negative HIV entry as were supernatants from PHA-stimulated CD8 ϩ T cells.
Discussion
It has been well established that NK cells lyse HIV-infected cells by natural or antibody-dependent cytotoxic mechanisms (38) however, the ability of NK cells to suppress HIV entry and replication by soluble factors has not been described. The present study demonstrates that NK cells isolated from HIVinfected subjects are capable of producing high levels of the CC-chemokines MIP-1␣, MIP-1␤, and RANTES. MIP-1␣ and RANTES mRNA were detected in freshly isolated NK cells at equal or greater copy numbers than in CD8 ϩ T cells isolated from the same individuals. The recognition and lysis of sensitive target cells (K562 cell line) by NK cells as well as stimulation of NK cells with IL-2 alone resulted in the release of significant levels of MIP-1␣, MIP-1␤, and RANTES. Cross-linking of CD16 (Fc␥RIII) optimized CC-chemokine production from NK cells, resulting in levels of secretion comparable to or higher than those produced by CD3-cross-linked or PHAstimulated CD8 ϩ T cells. Furthermore, CD16 cross-linked NK cells suppressed HIV replication in an autologous coculture system, in most cases as potently as did anti-CD3 or PHAstimulated CD8 ϩ T cells. Finally, supernatants from CD16 cross-linked NK cells markedly inhibited the entry of an MT-2negative but not a MT-2 positive HIV strain into susceptible CD4 ϩ /CCR5 ϩ /CXCR4 ϩ cells (PM1 cell line).
The first observation that MIP-1␣, MIP-1␤, and RANTES interfere with HIV replication was made in a study designed to identify the soluble factor(s) involved in CD8 ϩ T cell-mediated HIV suppression (12) . Subsequent studies have demonstrated that in addition to CD8 ϩ T cells, CD4 ϩ T cells and macrophages, as well as several other cell types, secrete CC-chemo- Figure 5 . CD16 cross-linked NK cells suppress HIV replication in autologous cocultures with similar efficiency as do CD8 ϩ T cells. CD8/NK-depleted PBMCs from HIV-infected individuals were cultured with anti-CD3 (mouse ascites, 1:4,000 dilution) ϩ IL-2 (20 U/ml) in the absence of effector CD8 ϩ T cells or NK cells (dashed line), or in the presence of autologous CD8 ϩ T cells (closed symbols), or autologous CD16 cross-linked NK cells (open symbols) at various ratios (1:2, 1:10, or 1:50). Similar results were obtained in cultures stimulated with PHA (3 g/ml) ϩ IL-2 (20 U/ml) ϩ IL-4 (5 ng/ml). These data are representative of six independent analyses. Figure 6 . Effect of neutralizing antibodies to MIP-1␣, MIP-1␤, and RANTES on NK cell-mediated and CD8 ϩ T cell-mediated suppression of HIV replication. CD8/NK-depleted PBMC were cultured with PHA (3 g/ml) ϩ IL-2 (20 U/ml) ϩ IL-4 (5 ng/ml) with or without the addition of autologous CD16 cross-linked NK or CD8 ϩ T effector (ratio 1:2) cells in the presence of either goat anti-mouse IgG (control antibody, 110 g/ml) or neutralizing anti-CC-chemokine antibodies (anti-MIP-1␣ [50 g/ml], anti-MIP-1␤ [50 g/ml], anti-RANTES [10 g/ml]). The values refer to peak RT activity in culture supernatants. Similar results were obtained in cultures stimulated with anti-CD3 (mouse ascites, 1:4,000 dilution) ϩ IL-2 (20 U/ml). These data are representative of two independent analyses. kines at levels capable of suppressing MT-2-negative HIV replication in vitro (14, 39, 40) . Of interest, the ability of PBMCs, CD4 ϩ T cells and/or CD8 ϩ T cells to produce high levels of CC-chemokines in vitro has been correlated with resistance to HIV infection (exposed uninfected individuals) (41, 42) and with nonprogression of HIV disease in HIV-infected subjects (43, 44) . The present study is the first to demonstrate and characterize the capability of NK cells isolated from HIV-infected individuals to produce high levels of CC-chemokines. The observation that freshly isolated NK cells from HIV-infected and uninfected donors contain high copy numbers of MIP-1␣ and RANTES mRNA (equal or greater than levels found in CD8 ϩ T cells) and that they secrete high levels of CC-chemokines in vitro suggests that NK cells may also be significant cellular sources of CC-chemokines in vivo. Analysis of the levels of intracellular CC-chemokine proteins in NK and CD8 ϩ T cells ex vivo (on PBMCs, immediately after Ficoll-Hypaque separation or on whole blood, immediately after phlebotomy) is currently being conducted. Of particular interest, after in vitro culturing (3-5 d) NK cells produced significantly higher levels of CC-chemokines, both constitutively and in response to IL-2 alone, than did CD8 ϩ T cells isolated from the same donors.
Under conditions designed to mimic in vivo activation of NK function, such as tumor cell killing (K562 lysis) and antibody-dependent cellular cytotoxicity (ADCC) via Fc␥RIII (CD16) cross-linking, NK cells were found to secrete significant levels of MIP-1␣, MIP-1␤, and RANTES. Of interest, the ability of NK cells to secrete CC-chemokines upon recognition of tumor cell targets correlated with their ability to lyse target cells. The same phenomenon has been observed with CD8 ϩ HIV-specific cytotoxic T lymphocyte clones (45) . CD16 crosslinking, both in untreated (for MIP-1␣, MIP-1␤, and RANTES) and in IL-2-stimulated conditions (for MIP-1␣ and RANTES), dramatically enhanced CC-chemokine production by NK cells. Moreover, the levels of secretion in response to IL-2 of MIP-1␣ and RANTES from CD16 cross-linked NK cells were significantly higher than the levels detected in the supernatants obtained from CD3 cross-linked CD8 ϩ T cells. These data suggest that NK cells may be one of the most important lymphocytic sources of CC-chemokines.
Activation of NK lytic activity, both by K562 target cell recognition and by CD16 cross-linking, is associated with the secretion of cytokines, such as TNF-␣ (46) , which upregulate CC-chemokine gene expression (47, 48) . In addition, it has been demonstrated that CD16 cross-linking induces the expression of the high affinity ␣ chain of the IL-2 receptor (49), thus making NK cells more responsive to IL-2 with regard to increased lytic activity and production of cytokines and chemokines.
HIV infection is often associated with polyclonal B cell activation and hypergammaglobulinemia (50) . In this regard, activation of NK cells via interaction between CD16 and gp120/ anti-gp120 antibody complexes likely occurs to a significant degree in vivo in HIV-infected individuals (51, 52).
Immunomodulatory cytokines, particularly IL-2 and IL-15, potently upregulated CC-chemokine production from CD16 cross-linked NK cells in vitro; an observation which may be relevant in the setting of cytokine-based immunotherapy for HIV disease (53) (54) (55) . In this regard, decreases or stabilization of viremia in HIV-infected subjects receiving IL-2 therapy in conjunction with antiretroviral drugs as compared to subjects receiving antiretroviral therapy alone may be in part related to the ability of this cytokine to stimulate antiviral immune activities such as cytolytic activity (56) and perhaps the production of CC-chemokines (57) or other HIV-suppressive factors. The effect of in vivo administration of IL-2 on the production of CC-chemokines by NK cells and CD8 ϩ T cells is currently under investigation.
The ability of IL-12, and particularly IL-15, to induce high levels of CC-chemokines from NK cells is of interest in view of the potential for NK-derived chemokines to interfere with HIV replication before the onset of antigen-specific immune responses and the production of IL-2. It will be important to determine whether CC-chemokine production by cells involved in early innate immune responses, such as macrophages and NK cells, plays a role in determining the level of viral replication and spread during primary HIV infection.
CD16 cross-linked NK cells were able to suppress HIV replication in an autologous coculture system at efficiencies comparable to those of CD8 ϩ T cells in the majority of the patients tested. This property of NK cells has not been previously demonstrated while it has been well established for CD8 ϩ cells (58) . The majority of studies investigating the HIV suppressor activity of CD8 ϩ cells have been performed using culture systems that optimize T cell activation, such as anti-CD3 or PHA. These conditions do not induce significant production of CCchemokines from NK cells contained in the CD8 ϩ cell population as does CD16 cross-linking (data not shown). Thus, the potential for NK cell contribution to suppression of HIV replication in these anti-CD3 or PHA-stimulated CD8 ϩ cell systems is probably underestimated and masked by the suppressor effects mediated by highly activated CD8 ϩ T cells. Of interest, under in vitro conditions of stimulation with cytokines only, we have observed a higher frequency of HIV isolation from PBMC of HIV-infected subjects if CD16 ϩ CD56 ϩ cells were depleted from PBMC in addition to depletion of CD8 ϩ T cells (Monaco, J., A. Oliva, and A.S. Fauci, unpublished observations).
The mechanisms involved in NK cell-mediated HIV suppression are likely complex. In 50% of the HIV-infected individuals tested, NK cell-mediated HIV suppression was completely abrogated by the addition of neutralizing antibodies directed against MIP-1␣, MIP-1␤, and RANTES. The failure of neutralization of CC-chemokines to overcome HIV suppression in some NK cell cocultures, as well as in all CD8 ϩ T cell cocultures, suggests that cell contact-dependent factors, such as lytic activity (37, 38) , and/or other HIV suppressive cytokines (35, 58) may contribute to the inhibitory effect of NK cells and CD8 ϩ T cells on HIV replication. Furthermore, activation of NK cells and CD8 ϩ T cells can also result in the secretion of factors, such as TNF-␣, which can potentially induce HIV replication. Therefore, the balance of HIV-suppressive and HIV-inductive activities of NK cells and CD8 ϩ T cells, likely determines the overall impact of these effector lymphocytes on HIV replication and pathogenesis.
The in vivo physiologic relevance of NK-derived CCchemokines in the pathogenesis and progression of HIV infection is unclear at present and requires further investigation. Although a trend toward decreasing HIV inhibitory activity was observed with NK cells obtained from individuals with more advanced disease, no statistically significant correlation between NK cell function and stage of disease was found in the present study. However, a protective role of NK cells against initial or primary HIV infection has been suggested recently in a study involving a Thailand cohort of highly exposed persistently seronegative women (HEPS) (5) . The percentages and absolute numbers of NK cells were significantly higher in the HEPS women compared to age-matched seronegative women with short term exposure and to a reference Thai population.
In conclusion, NK cells are capable of secreting substantial amounts of CC-chemokines in response to physiologic activation signals such as cross-linking of their Fc receptors and lysis of sensitive target cells. Furthermore, CC-chemokine production from NK cells is significantly upregulated by CD16 crosslinking, IL-2, and IL-15. NK cells are potent suppressors of MT-2-negative HIV replication and may play an important role in the host defense against MT-2-negative strains of HIV-1, particularly during primary HIV infection.
